Primary aldosteronism is characterized by excess aldosterone (ALDO) secretion independent of the renin-angiotensin system and accounts for approximately 10% of hypertension cases. Excess ALDO that is inappropriate for salt intake status causes cardiac hypertrophy, inflammation, fibrosis, and hypertension. The molecular mechanisms that trigger the onset and progression of ALDO-mediated cardiac injury are poorly understood. MicroRNAs (miRNAs) are endogenous, small, noncoding RNAs that have been implicated in diverse cardiac abnormalities, yet very little is known about their regulation and role in ALDO-mediated cardiac injury. To elucidate the regulation of miRNAs in ALDO-mediated cardiac injury, we performed a time-series analysis of left ventricle (LV) miRNA expression. Uninephrectomized male Sprague-Dawley rats were treated with ALDO (0.75 mg/h) infusion and SALT (1.0% NaCl/0.3% KCl) in the drinking water for up to 8 weeks. ALDO/SALT time dependently modulated the expression of multiple miRNAs in the LV. miR-21 was the most upregulated miRNA after 2 weeks of treatment and remained elevated until the end of the study. To elucidate the role of miR-21 in ALDO/SALT-mediated cardiac injury, miR-21 was downregulated by using antagomirs in ALDO/SALT-treated rats. miR-21 downregulation exacerbated ALDO/SALTmediated cardiac hypertrophy, expression of fibrosis marker genes, interstitial and perivascular fibrosis, OH-proline content, and cardiac dysfunction. These results suggest that ALDO/SALTmediated cardiac miR-21 upregulation may be a compensatory mechanism that mitigates ALDO/ SALT-mediated cardiac deleterious effects. We speculate that miR-21 supplementation would have beneficial effects in reverting or mitigating cardiac injury and dysfunction in patients with primary aldosteronism. (Endocrinology 158: 1859(Endocrinology 158: -1874(Endocrinology 158: , 2017 E xcess aldosterone (ALDO) that is inappropriate for the salt intake status causes hypertension and cardiac hypertrophy, inflammation, fibrosis, and dysfunction (1-7). Primary aldosteronism is a human pathologic condition characterized by the excess autonomous secretion of ALDO by the adrenal gland, independent of the renin-angiotensin system, and is associated with severe cardiorenal damage and hypertension (8-13). Primary aldosteronism is the most common cause of secondary hypertension, accounting for approximately 10% of hypertension cases (8-10). Furthermore, excess ALDO is not only associated with hypertension. Patients with primary aldosteronism have a higher incidence of cardiorenal and cerebrovascular events than those with essential hypertension with similarly elevated blood pressure (14-17). Despite the prevalence of primary
E xcess aldosterone (ALDO) that is inappropriate for the salt intake status causes hypertension and cardiac hypertrophy, inflammation, fibrosis, and dysfunction (1) (2) (3) (4) (5) (6) (7) . Primary aldosteronism is a human pathologic condition characterized by the excess autonomous secretion of ALDO by the adrenal gland, independent of the renin-angiotensin system, and is associated with severe cardiorenal damage and hypertension (8) (9) (10) (11) (12) (13) . Primary aldosteronism is the most common cause of secondary hypertension, accounting for approximately 10% of hypertension cases (8) (9) (10) . Furthermore, excess ALDO is not only associated with hypertension. Patients with primary aldosteronism have a higher incidence of cardiorenal and cerebrovascular events than those with essential hypertension with similarly elevated blood pressure (14) (15) (16) (17) . Despite the prevalence of primary aldosteronism and its deleterious consequences to human health, the molecular mechanisms that mediate the onset and progression of ALDO-mediated cardiac injury and dysfunction remain poorly understood.
MicroRNAs (miRNAs) are short endogenous singlestranded noncoding RNAs that are generated by sequential processing from longer transcripts that contain a stem-loop (18) (19) (20) (21) (22) . miRNAs exert their biological effects by downregulating the expression levels of specific genes by translational repression and/or messenger RNA (mRNA) degradation (23) (24) (25) (26) . miRNAs have been implicated in a variety of biological functions, including development, proliferation, apoptosis, metabolism, and immune response (24, (27) (28) (29) . Furthermore, several miRNAs have been implicated in cardiovascular disease (19, (29) (30) (31) (32) (33) (34) (35) (36) . However, the role of miRNAs in ALDOmediated cardiac injury and dysfunction remains largely unknown. miR-21 is weakly expressed in normal hearts, but it is the most consistently upregulated miRNA in most models of cardiac hypertrophy and failure (37) (38) (39) and in human end-stage heart failure (39) (40) (41) (42) . However, although miR-21 is one of the most studied miRNAs in cardiac tissue, its role in cardiovascular pathophysiology remains highly controversial. miR-21 has been reported to have deleterious, beneficial, or neutral effects in multiple models of cardiac injury, suggesting a cardiac disease-specific role for this miRNA (37) (38) (39) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) (57) (58) (59) .
Chronic ALDO infusion in the presence of high salt intake (ALDO/SALT) is a well-established animal experimental model to study the pathophysiologic consequences of excess ALDO (1, 2) . Using this experimental model, which closely resembles the cardiac findings from humans with primary aldosteronism, we screened for miRNAs regulated by ALDO in cardiac tissue. We found that miR-21 is the miRNA most upregulated by ALDO in the left ventricle (LV). We performed further studies to characterize ALDO-mediated miR-21 regulation in the heart as well as its role in ALDO-mediated cardiac injury and dysfunction.
Materials and Methods

Animals
Eight-week old male Sprague-Dawley rats (Harlan Laboratories) were uninephrectomized and the next day randomly assigned to the following experimental groups: control, ALDO, SALT, ALDO/SALT, ALDO/SALT + eplerenone, or ALDO/ SALT + antihypertensive therapy. ALDO (0.75 mg/h; Steraloids) was administered in polyethylene glycol 300 (vehicle; Fluka) by subcutaneously implanted osmotic mini-pumps (Alzet 2004; Durect). SALT (1.0% NaCl) was administered in the drinking fluid instead of tap water. ALDO-treated animals were supplemented with 0.3% KCl in the drinking fluid to avoid hypokalemia. Eplerenone (Pfizer) was administered in the rodent diet at a concentration of 1.66 g/kg chow (daily dose: approximately 112 mg/kg body weight). Triple antihypertensive therapy was administered in the rodent diet containing 240 mg/kg hydralazine (Sigma-Aldrich), 75 mg/kg hydrochlorothiazide (Sigma-Aldrich), and 1.5 mg/kg reserpine (SigmaAldrich). This diet delivers an approximate daily dose of 18.3 mg/kg body weight hydralazine, 5.7 mg/kg body weight hydrochlorothiazide, and 1.1 mg/kg body weight reserpine. All animals were maintained on standard rodent chow (Teklad #8640; Harlan Laboratories). Animals were treated for increasing periods up to 8 weeks, as indicated for each experiment.
All protocols were reviewed and approved by the Institutional Animal Care and Use Committee of the University of Mississippi Medical Center, and studies were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, 8th edition, 2011.
Blood pressure determination
Blood pressure was measured by radiotelemetry (Data Sciences International). Transmitters (TA11PA-C40) were implanted in the abdominal aorta under isoflurane anesthesia as previously reported (60) . Animals were allowed to recover for 2 weeks before treatment initiation, and blood pressure was determined every 5 minutes in 10-second sampling periods. Mean arterial pressure is expressed as 24-hour averages.
Echocardiography
Echocardiographic assessment of cardiac function was conducted by using a Vevo 770 High Resolution In Vivo Imaging System (VisualSonics) as previously described (61) according to the American Society of Echocardiography guidelines by using the leading edge technique (62) . Cardiac output (mL/min) and fractional shortening (percentage) were analyzed and calculated with the VisualSonics Advanced Cardiovascular Measurements Package using the mean of 12 to 15 cardiac cycles derived from three separate M-mode images during each session. LV dimensions, including anterior wall thickness in diastole (millimeters) and posterior wall thickness in diastole (millimeters) were determined from the Mmode images.
Antagomir administration
To downregulate miR-21, animals were treated with miR-21 antagomir, a cell-permeable, chemically modified, highly specific antisense oligonucleotide against miR-21. On the basis of previously reported sequence and modifications (55, 63, 64) 0 . All bases are 2 0 -OMe-modified ribonucleotides; the subscript "s" represents a phosphorothioate linkage; "Chol" represents cholesterol linked through a hydroxyprolinol linkage.
Eight-week old male Sprague-Dawley rats were uninephrectomized and treated with ALDO/SALT for 14 days. Starting at day 5, after ALDO/SALT treatment initiation, animals were injected daily for 3 consecutive days with 40 mg antagomir-21/kg body weight in warm saline (0.5 mL) by the tail vein (ALDO/SALT + Antag). All other experimental groups were treated identically with mistmatched control antagomirs.
RNA extraction
Total RNA (including miRNAs) was extracted with TRIReagent (MRC Gene), resuspended in nuclease free water and subjected to further purification by using the RNeasy mini kit (Qiagen) following an Exiqon modified protocol to preserve miRNAs. Purified total RNA was quantified by ultraviolet absorbance by using the Nanodrop spectrophotometer (Nanodrop Technologies) and quality checked by using a 2100 Bioanalyzer (Agilent Technologies).
miRNA microarrays RNA quality control, labeling, hybridization, and scanning were performed by Exiqon. One microgram total RNA from sample and reference (a pool of all tested samples) was labeled with Hy3 and Hy5 fluorescent labels, respectively, using the miRCURY locked nucleic acid (LNA) array power labeling kit (Exiqon), following the procedure described by the manufacturer. The Hy3-labeled samples and a Hy5-labeled reference RNA sample were mixed pairwise and hybridized to the miRCURY LNA array, version 11.0 (Exiqon), which contains capture probes targeting all miRNAs for human, mouse, or rat registered in the miRBASE, version 13.0, at the Sanger Institute (65) . The hybridization was performed according to the miR-CURY LNA array manual by using an HS4800 hybridization station (Tecan). After hybridization, the microarray slides were scanned by using the Agilent G2565BA Microarray Scanner System and the image analysis was carried out by using ImaGene 8.0 software (BioDiscovery). The quantified signals were background corrected (Normexp with offset value 10) (66) and normalized by using the global Lowess (LOcally WEighted Scatterplot Smoothing) regression algorithm. Data were log2 transformed and analyzed by two-way analysis of variance with Benjamini-Hochberg false discovery rate multiple testing correction, followed by Student-Newman-Keuls post hoc tests using GeneSpring GX, version 12.0 (Agilent Technologies). Heat maps were generated by using Heatmap Builder software (67) . Microarray hybridization data were submitted to the Gene Expression Omnibus database (National Center for Biotechnology Information) under accession number GSE87122.
miRNA reverse transcriptase quantitative polymerase chain reaction Twenty-five nanograms of total RNA were reverse transcribed with the miRCURY LNA Universal cDNA Synthesis Kit (Exiqon), following the manufacturer's suggested protocol. miRNA reverse transcriptase quantitative polymerase chain reaction (RT-qPCR) was performed by using the Universal RT SYBR Green master mix (Exiqon) and highly specific LNA primers (Exiqon), following the manufacturer's suggested protocol. Primer details are shown in Supplemental Table 1 . PCR product quantification was performed by the relative quantification method and expressed as arbitrary units (68, 69) .
For LV miRNA quantification in time-series experiments, data variation and expression level were analyzed with the miRNA microarray expression data, filtering for miRNAs expressed across all samples. We selected rno-let-7f as the reference gene because it presented the lowest coefficient of variation (percentage) across all time-series samples, was expressed in all samples, and had a high average expression signal [Supplemental Fig. 1(a) ]. For other miRNA expression experiments, a series of reference genes (RNU1A1, RNU5G, and U6 snRNA), as well as let-7f, were tested. The most suitable one with the highest P value by one-or two-way analysis of variance was selected [Supplemental Fig. 1(b)-1(d) ]. Different reference genes were selected for different experiments because it has been previously reported that the stability of reference genes may be affected, among many other factors, by origin of tissue sample, sex, or treatment (70, 71) .
RT-qPCR
Five micrograms of total RNA were reverse transcribed with 0.5 mg T 20 VN and Superscript III (Invitrogen), following the manufacturer's suggested protocol. Primer pairs were designed with Primer3 software (72) (Supplemental Table 2 ). qPCR was performed as previously reported by using 1 mL RT product, 1 mL Titanium Taq DNA polymerase (Clontech), 1:20,000 dilution SYBR Green I (Molecular Probes), 0.2 mM deoxynucleotide triphosphates, and 0.1 mM each primer (73) . Cycling conditions were 1 minute at 95°C, 50 cycles of 15 seconds at 95°C, 15 seconds at 60°C, and 1 minute at 72°C. Fluorescent data were obtained during the extension phase, and threshold cycle values were obtained at the log phase of each gene amplification. After PCR amplification, the specificity of the PCR was confirmed by melting temperature determination of the PCR product and electrophoretic analysis in 4% NuSieve 3:1 agarose gels (Cambrex). PCR product was quantified by the relative quantification method and expressed as arbitrary units standardized against glyceraldehyde 3-phosphate dehydrogenase (68, 69) .
miRNA Northern blot miRNA Northern blot was performed, following previously reported protocols (74) . Briefly, 10 mg total RNA were separated in 15% Tris/borate/EDTA-urea polyacrylamide gel, transferred to Nytran SPC nylon membrane (Whatman), crosslinked, hybridized with 32 P-labeled locked nucleic acid probes (Exiqon) (Supplemental Table 3 ), exposed to an Imaging Screen-K and scanned with a Personal Molecular Imager System (Bio-Rad).
Fibrosis analysis and quantification
Formalin-fixed, paraffin-embedded 5-mm heart sections were stained with trichrome-Masson. Digital images (original magnification, 320) were acquired with a NanoZoomer 2.0-HT Digital slide scanner (Hamamatsu Photonics). Digital images were segmented with NDP.view, version 2.2, software (Hamamatsu Photonics), and interstitial and perivascular fibrosis volumetric areas were analyzed by using ImageJ software (National Institutes of Health), as reported (2) . For scar analysis, digital images were processed without segmentation, as described above.
OH-proline quantification
Total collagen content was quantified as OH-proline concentration after acid hydrolysis and a colorimetric assay, as reported (2, 75) . OH-proline content was expressed as milligrams of OH-proline per gram of dry tissue, with samples assayed in triplicate.
Plasma biochemistry assays
Plasma ALDO concentration (PAC) was quantified by radioimmunoassay (Coat-A-Count, Siemens) and expressed as ng/ dL. Plasma renin activity (PRA) was quantified by PRA enzymelinked immunosorbent assay kit (Crystal Chem) and expressed as nanograms of angiotensin I per milliliter per hour. The aldosterone-to-renin ratio (ARR) was calculated as PAC/PRA. For the calculation of the ARR, PRA values less than 0.2 ng angiotensin I per milliliter per hour were arbitrarily set to 0.2 to avoid false-positive results due to extremely low PRA values (76) .
Statistical analysis
All results were expressed as mean 6 standard error of the mean. Multiple experimental groups were analyzed by one-or two-way analysis of variance, followed by Newman-Keuls post hoc contrasts. Statistical calculations were performed with GraphPad Prism package, version 6.07 (GraphPad Software). All experiments were repeated at least three times. Differences were considered significant at P , 0.05.
Results
Screening of ALDO-regulated LV miRNAs
To study ALDO-mediated regulation of cardiac miRNAs, we performed a time-series screening of differentially regulated miRNAs in the LV of ALDO/ SALT-treated rats. Animals were treated with ALDO/ SALT for up to 8 weeks, and LV miRNA expression levels were analyzed by microarrays. We analyzed 347 miRNAs and observed 96 miRNAs to be differentially regulated at one or more time points (Supplemental Table 4 ).Twenty miRNAs were regulated more than 1.5-fold by ALDO/SALT in the miRNA microarray screening, as shown in the heat map (Supplemental Fig. 2 ), and 16 of these were validated by RT-qPCR [ Fig. 1 and Supplemental Fig. 1(a) ].
To validate the animal experimental model, we measured PAC and PRA and calculated ARR in the timeseries analysis samples. After 7 days of treatment, ALDO/ SALT-treated animals tested positive in a preliminary screening for primary aldosteronism with use of the most commonly adopted cutoff values (ARR . 30 [PAC (ng/ dL)/PRA (ng/mL per hour)] and a PAC $ 15 ng/dL) Figure 1 . miRNAs regulated by ALDO/SALT in the LV. Rats were treated with ALDO/SALT or vehicle for up to 8 weeks. Selected prescreened miRNAS were quantified by RT-qPCR. Results are expressed as mean 6 standard error of the mean (n = 6). *P , 0.05 versus control. AU, arbitary unit.
according to the latest clinical guidelines for the management of primary aldosteronism (77) [Supplemental Fig. 3(a)-3(c) ]. Furthermore, average PAC in ALDO/ SALT-treated animals (mean 6 standard error of the mean, 58.2 6 3.8 pg/dL; range, 33.4 to 115.9 pg/dL) is in the range of PAC values (median, 29.7 pg/dL; range, 17.0 to 226.0 pg/dL; n = 126) observed in a large prospective study of the prevalence of primary aldosteronism in hypertensive patients (PAPY study) (76) .
Although miR-21 is the most consistently upregulated miRNA in most models of cardiac hypertrophy and failure (37) (38) (39) and in human end-stage heart failure (39) (40) (41) (42) , the role of miR-21 in ALDO-mediated hypertension and cardiac injury remains unknown. For these reasons and because miR-21 was the most upregulated miRNA in the LV of ALDO/SALT-treated animals, we focused on the role and regulation of miR-21 in ALDOmediated hypertension and cardiac injury.
miR-21 is upregulated by ALDO/SALT in the LV
After validating our screening results by RT-qPCR as mentioned above (Fig. 1) , we further confirmed by Northern blot that miR-21 is upregulated by ALDO/ SALT in the LV after 2 weeks of treatment and remains elevated until the end of the 8-week experimental period [ Fig. 2(a) ]. ALDO/SALT-mediated miR-21 upregulation requires both excess ALDO and SALT administration because these treatments alone failed to regulate LV miR-21 expression after 2 weeks of treatment [ Fig. 2(b) ]. Furthermore, ALDO/SALT-mediated upregulation was completely abolished by coadministration of the mineralocorticoid receptor blocker eplerenone, suggesting that these effects are indeed mediated by the mineralocorticoid receptor [ Fig. 2(b) ]. miR-21 regulation is blood pressure dependent miR-21 is expressed in the atrium as well as in the right and left ventricles in the adult rat but is upregulated by ALDO/SALT only in the LV after 2 weeks of ALDO/ SALT treatment [ Fig. 3(a) and Supplemental Fig. 1(b) ]. Administration of a triple antihypertensive therapy (hydralazine, hydrochlorothiazide, and reserpine) significantly attenuated ALDO/SALT-mediated blood pressure increase [ Fig. 3(b) ] and abolished ALDO/SALTmediated LV miR-21 upregulation [ Fig. 3(c) and Supplemental Fig. 1(c) ]. Similar results were obtained when animals were treated with a double antihypertensive therapy (hydralazine and reserpine) to avoid the confounding effect of the diuretic drug hydrochlorothiazide [ Fig. 3(b) and 3(c) ]. These results suggest that ALDO/ SALT-mediated miR-21 upregulation is blood pressure dependent.
miR-21 downregulation exacerbates ALDO/SALT-mediated cardiac injury and dysfunction
To analyze the role of ALDO/SALT-mediated miR-21 upregulation on cardiac injury and function, ALDO/ SALT-treated rats were administered a miR-21 antagomir to specifically downregulate miR-21. A 2-week treatment period with ALDO/SALT was selected because this is when cardiac injury and dysfunction are incipient and worsening of these parameters is easier to detect. To analyze the role of miR-21 downregulation in ALDO/SALT-mediated cardiac fibrosis, we analyzed the expression of fibrosis markers and tissular collagen deposition. miR-21 downregulation exacerbated ALDO/ SALT-mediated LV fibrosis marker mRNA expression upregulation, such as collagen I (Col1a1) and collagen III (Col3a1) [ Fig. 6 (a) and 6(b)], whereas there was no significant change in fibronectin (Fn1), connective tissue growth factor (Ctgf), or tissue inhibitor of metalloproteinase metallopeptidase inhibitor 1 (Timp1) expression [Supplemental Fig. 5(a)-5(c) ]. The increase in collagen expression translated into an increase in LV OH-proline content [ Fig. 6(c) ]. Histologic analysis showed that miR-21 downregulation exacerbated ALDO/SALT-mediated cardiac interstitial fibrosis [ Fig. 7(a) ]. Furthermore, the effect of miR-21 downregulation on interstitial fibrosis was restricted to the LV and interventricular septum walls with negligible effect on the right ventricle wall [Supplemental Fig. 6(a)-6(c) ]. miR-21 downregulation also caused significant perivascular fibrosis [ Fig. 7(b) and Supplemental Fig. 7] , which was also restricted to the LV and interventricular septum walls [Supplemental Fig. 8(a)-8(c) ]. Furthermore, miR-21 downregulation promoted scar formation, as evidenced by extensive collagen deposition by histologic analysis [ Fig. 7(c) and Supplemental Fig. 9 ].
Despite the increase in fibrosis in ALDO/SALTtreated animals with decreased miR-21 levels, miR-21 downregulation did not modify the following ALDO/ SALT-mediated cardiac fibroblasts marker expression: periostin (Postn), vimentin (Vim), Thy-1 cell surface antigen (Thy1, CD90), fibroblast specific protein 1 (Fsp1, S100a4), and discoidin domain receptor tyrosine kinase 2 (Ddr2) [Supplemental Fig. 10(a)-10(e) ]. In addition, miR-21 downregulation had a tendency to decrease ALDO/SALT-mediated smooth muscle a actin (Acta2) upregulation [Supplemental Fig. 10(f) ]. These results suggest that miR-21 downregulation activates the cardiac fibroblasts fibrotic response without significant changes in proliferation.
To analyze the role of miR-21 downregulation in ALDO/SALT-mediated cardiac inflammation, we analyzed the expression of inflammation markers. miR-21 downregulation attenuated ALDO/SALT-mediated LV inflammation marker mRNA expression, such as transforming growth factor b-2 (Tgfb2), interleukin-1b (Il1b), and monocyte chemoattractant protein-1 (MCP-1, Ccl2)
[ Fig. 8(a)-8(c) ]. However, miR-21 downregulation did not significantly modify transforming growth factor-b1 (Tgfb1), vascular cell adhesion molecule 1 (Vcam1), plasminogen activator inhibitor type 1 (PAI-1, Serpine1), or osteopontin (OPN, Spp1) expression [Supplemental Fig. 11(a)-11(d)] .
To analyze the role of miR-21 downregulation in ALDO/SALT-mediated cardiac function, we analyzed the expression of cardiac injury markers and cardiac function. miR-21 downregulation attenuated ALDO/SALTmediated LV cardiac injury marker mRNA expression, such as natriuretic peptide precursor A (Nppa) and natriuretic peptide precursor B (Nppb) [ Fig. 9 (a) and 9(b)] but did not significantly modify myosin heavy chain a (Myh6), myosin heavy chain b (Myh7), or heme oxigenase-1 (Hmox1) [Supplemental Fig. 12(a)-12(c) ]. miR-21 downregulation exacerbated ALDO/SALTmediated cardiac dysfunction as observed by a further decrease in cardiac output and fractional shortening [ Fig. 10(a) and 10(b) ]. However, none of the cardiac effects of miR-21 downregulation on ALDO/SALT-mediated cardiac injury and dysfunction seem to be mediated by effects on LV mineralocorticoid receptor (N3rc2) expression or plasma ALDO concentration because none of these seem to be affected [Supplemental Fig. 13 (a) and 13(b) ].
In summary, miR-21 downregulation exacerbated ALDO/SALT-mediated cardiac fibrosis and dysfunction.
Discussion
We report a comprehensive time-series analysis of LV miRNA expression regulation by ALDO/SALT in vivo. We identified miR-21 as the most upregulated miRNA by ALDO/SALT in the LV. We report that miR-21 is upregulated by a combination of ALDO/SALT exclusively in the LV in a blood pressure-dependent manner. Furthermore, pharmacologic downregulation of miR-21 exacerbated ALDO/SALT-mediated cardiac fibrosis and dysfunction, suggesting that miR-21 plays a protective role in ALDO/SALT-mediated cardiac injury and dysfunction.
ALDO plays a critical role in sodium and potassium balance under physiologic conditions. However, excess ALDO in the presence of high salt intake causes target organ damage mainly in the heart, kidney, and vessels (1-7). Despite primary aldosteronism accounting for approximately 10% of cases of secondary hypertension, the molecular basis of ALDO-mediated cardiac injury remains poorly understood.
We report that LV miRNAs are time dependently dynamically regulated by ALDO/SALT treatment. Although the fold change for each miRNA is discrete, as has been reported in many experimental systems, the highly time-dependent expression regulation pattern for each miRNA suggests that multiple miRNAs may exert different actions through the course of ALDO-mediated cardiac pathologic abnormality. Many of the top validated ALDO/SALT-regulated miRNAs have been reported to have a role in different aspects of cardiovascular pathophysiology (19, 29-36, 78-80) . However, few studies, as shown below, have addressed the regulation or role of miRNAs in the context of ALDO/SALT-mediated cardiac injury and dysfunction. Therefore, our study provides a comprehensive and unbiased analysis of miRNAs regulated by ALDO/SALT in the LV.
Calcineurin/NFAT3c/myocardin constitutes an intracellular signaling pathway that leads to cardiomyocyte hypertrophy. ALDO upregulates the expression of the miR-2327a24-2 cluster in neonatal rat cardiomyocytes in vitro through the calcineurin/NFAT3c signaling pathway (81) . Furthermore, miR-23a, but not miR-27a or miR-24, inhibition abolished ALDOmediated cardiomyocyte hypertrophy. On the other hand, in vitro treatment of neonatal rat cardiomyocytes with ALDO causes downregulation of miR-9 and upregulation of the miR-9 target myocardin, leading to cardiomyocyte hypertrophy (82) . Interestingly, our studies show that miR-9, miR-24, and miR-27a are subjected to a regulation in the LV by ALDO/SALT in vivo similar to that observed in neonatal rat cardiomyocytes in vitro. The MyomirRs, miR-208a and miR-208b, are intronic miRNAs encoded in the a-myosin heavy chain (Myh6) and the b-myosin heavy chain (Myh7) genes, respectively (83) . The a-myosin heavy chain (Myh6) and its intronic miR-208a are highly expressed in the normal adult rodent heart, whereas the b-myosin heavy chain (Myh7) and its intronic miR-208b are upregulated by stress in adult hearts. Transgenic mice with liver-specific renin overexpression develop hypertension as well as cardiac hypertrophy and have significantly increased cardiac levels of miR-208b, a cardiac injury marker, despite normal cardiac and circulating ALDO levels (84) . On the other hand, double transgenic mice with liver-specific renin overexpression and cardiomyocyte-specific aldosterone synthase (CYP11B2) overexpression are hypertensive, develop exacerbated cardiac hypertrophy, and present elevated cardiac and circulating ALDO levels. Surprisingly, despite the exacerbated deleterious phenotype observed in the double transgenic mice, these animals have a modest miR-208b upregulation but a substantial miR-208a downregulation (84) . The surprising results of the double transgenic mice may be explained by ALDO-mediated inhibition of natriuretic peptides transcription because atrial natriuretic peptide infusion reverses cardiac hypertrophy in the double transgenic animals but not in the animals overexpressing renin (84) .
Cardiac miR-1 expression is transiently downregulated after myocardial infarction (85, 86) . Treatment with the mineralocorticoid receptor antagonist spironolactone abolishes this decrease (85) . Because miR-1 has been implicated in cardiac hypertrophy and arrhythmogenic potential (87, 88) , it may be possible that miR-1 mediates the beneficial effects of mineralocorticoid receptor antagonists.
Plasma circulating miRNAs have been studied as potential biomarkers in the DOCA/SALT rat model (89) . A subset of 11 miRNAs found to be regulated by a highsalt diet in the Dahl Salt Sensitive rats were analyzed. Seven miRNAs were found to be upregulated in the circulation, three (miR-16, miR-19b, miR-223) of which we found to be elevated in the LV of ALDO/SALT-treated animals. On the other hand, three (miR-125a, mir-143, miR-199a-3p) of the four miRNAs that showed a tendency to be downregulated in the circulation were upregulated in our experimental model. This discrepancy may be explained by the fact that correlations between circulating miRNAs and tissues are not always straightforward, as in many cases particular miRNAs can present opposite regulation in the tissues versus circulation. Also it must be considered that the circulating pool is subjected to the input of multiple organs. These reasons may also explain why we were unsuccessful in detecting an ALDO/ SALT treatment effect in circulating miR-21 in our experimental model (data not shown).
We focused our studies on the regulation and role of miR-21 in ALDO/SALT-mediated cardiac injury and dysfunction because it was the most upregulated miRNA in the LV of ALDO/SALT-treated animals. miR-21 is weakly expressed in normal human hearts, but it is consistently upregulated in human end-stage heart failure (39) (40) (41) (42) . In animal experimental models, miR-21 has been shown to be upregulated by thoracic aortic banding (37, 38, 49, 53, 90, 91) , ischemia/reperfusion (92) , ischemic preconditioning (55, 93) , and heat shock (52) as well as in transgenic mice expressing activated calcineurin A (CnA), in the heart (90) and in the border zone of myocardial infarct (51, 94, 95) . Our studies show that miR-21 is upregulated almost fourfold after two weeks of treatment and remains elevated for at least 8 weeks of ALDO/SALT treatment. ALDO/SALT-mediated LV miR-21 upregulation seems to be blood pressure dependent for the following reasons: (a) ALDO treatment alone, which does not elevate the blood pressure, does not affect miR-21 levels; (b) ALDO/SALT treatment increases miR-21 only in the LV, a cardiac chamber classically associated with blood pressure increase; and (c) coadministration of a double or triple antihypertensive therapy, which effectively decreases blood pressure, abolishes the ALDO/SALT-mediated increase in LV miR-21. These results suggest that the ALDO/SALT-mediated increase in blood pressure drives or is permissive for ALDO to increase miR-21 levels in the LV.
Despite multiple studies, the role of miR-21 in cardiac pathophysiology remains highly controversial with a plethora of studies suggesting that this particular microRNA can be deleterious (37, 39, (43) (44) (45) (46) (47) (48) or beneficial (38, (49) (50) (51) (52) (53) (54) (55) (56) (57) (58) (59) in cardiac injury.
Thum et al. (39) reported that miR-21 is upregulated in cardiac fibroblasts of transverse aortic constriction (TAC) mouse hearts and in human end-stage failing hearts. Furthermore, administration of a chemically modified antisense oligonucleotide specific for miR-21 (antagomir-21) to mice subjected to TAC decreased collagen mRNA expression, interstitial fibrosis, cardiomyocyte size, cardiac hypertrophy, and normalized cardiac function (39) , suggesting a critical role of miR-21 in cardiac fibroblasts stress response.
On the other hand, Patrick et al. (54) reported that miR-21 null mice showed no effect on cardiac hypertrophy and stress marker gene expression in response to TAC, cardiomyocyte-specific calcineurin overexpression, or myocardial infarction compared with WT mice, suggesting that miR-21 may not be essential for pathologic cardiac remodeling. Furthermore, the same group reported that treatment of animals with a tiny locked nucleic acid (LNA)-modified antimiR-21 failed to block cardiac remodeling due to the above mentioned cardiac stressors, despite significant miR-21 downregulation (54) in clear contrast with Thum et al. (39) .
However, Patrick et al. (54) showed that miR-21 ablation had a remarkable potentiating effect on Angiotensin II-mediated cardiac hypertrophy, although this effect was not observed when miR-21 was knockeddown using antimiR-21. It is worth mentioning that angiotensin II is the most potent hormonal stimulator of ALDO secretion and these results are in agreement with our studies where miR-21 downregulation worsens the ALDO/SALT-mediated cardiac injury and dysfunction phenotype.
More recently, Bang et al. (46) reported that angiotensin II induces the cardiac fibroblasts to secrete exosomes preferentially loaded with miR-21 passenger strands (miR-21-3p or miR-21*) into the cardiac pericardial fluid and induce cardiomyocyte hypertrophy. We doubt that this is the case in our experimental model because although miR-21-3p is upregulated by ALDO/ SALT, its expression is more than 500 times lower than the expression level of miR-21 (data not shown).
As shown above, contradictory results have been the rule and not the exception in miR-21 cardiac functional studies. These differences may be due to the use of miR-21 inhibitors with different chemistries, which may translate to varying degrees of miR-21 inhibition across tissues and cell types, off-target effects, and targeting multiple cell types and tissues. On the other hand, although transgenic animals may be seen as a superior experimental model, the use of ubiquitous noninducible ablation or overexpression systems may cause developmental and compensatory mechanisms that reduce the advantage of this system (19, 32, 33, 96) .
A few more examples of the role of miR-21 in cardiac pathophysiology show how widespread its role depends on different experimental models of cardiac pathology. miR-21 has been reported to have protective or beneficial effects in other models of cardiac injury. For example, miR-21 is upregulated in the border zone of infarcted hearts, and infarct size miR-21 has been shown to be significantly decreased by upregulation by overexpression using adenoviruses (51), transgenic animals with cardiomyocyte-specific miR-21 overexpression (53) as well as synthetic microRNA mimics (52) . Supporting a protective effect of miR-21 are studies showing that cardiac miR-21 is upregulated during ischemic preconditioning, and cardiomyocyte miR-21 overexpression significantly attenuates the infarct size (53, 55, 56) . Moreover, miR-21 is upregulated in multiple animal experimental models and human samples of pulmonary hypertension. Furthermore, miR-21 downregulation or ablation exacerbates, whereas miR-21 overexpression protects from, the deleterious phenotype suggesting a protective role for miR-21 (57, 97, 98) .
On the other hand, miR-21 has also been reported to be a mediator of cardiac injury as highlighted in these few examples. The left atria of patients with atrial fibrillation show increased levels of miR-21 and fibrosis markers, which are associated with increased levels of the small Rho-GTPase Rac1 (44) . Interestingly, Rac1 has been implicated in ligand-independent mineralocorticoid receptor activation in cardiomyocytes in vitro and in vivo leading to cardiac injury (99, 100) . Furthermore, left atrium-specific miR-21 downregulation attenuates myocardial infarction-induced atrial fibrillation duration and fibrosis (45) . Similarly, miR-21 is upregulated in sterile pericarditis through a positive reciprocal feedback loop with STAT3, and left atrium-specific miR-21 downregulation reduces fibrosis and atrial fibrillation promotion (48) . Recently, osteopontin has been shown to upregulate cardiac fibroblast miR-21 expression, which leads to increased cardiac fibroblast survival and extracellular matrix production in vitro and exacerbates angiotensin II-induced cardiac fibrosis in vivo, suggesting that miR-21 is a mediator of osteopontin-induced cardiac injury (47) .
These studies may suggest that the effects of miR-21 are cardiac stressor and cell type-specific and generalizations about beneficial or deleterious effects of miR-21 in cardiac pathologic abnormalities should always be considered in the context of the disease model under study.
Few studies have analyzed the regulation or role of cardiac miR-21 by ALDO. Left atrium miR-21 levels have been reported to be positively correlated with fibrosis in patients with permanent atrial fibrillation or sinus rhythm (101) . Furthermore, in vitro treatment of neonatal rat cardiac fibroblasts with ALDO upregulates miR-21 expression and downregulates the protein levels of the miR-21 target protein Sprouty-1. Those effects are abolished by cotreatment with mineralocorticoid receptor antagonists, suggesting that these are mineralocorticoid receptor-mediated events. More recently, the same group reported that the aldosterone synthase inhibitor SL242 abolishes angiotensin II-mediated miR-21 upregulation in neonatal rat cardiac fibroblasts (102) . These results may suggest an autocrine effect of ALDO that regulates miR-21 expression in cardiac fibroblasts; however, the expression of aldosterone synthase and ALDO secretion by cardiac cells is questionable at best (103, 104) . On the other hand, transgenic mice with cardiomyocyte-specific overexpression of a constitutively active Rac-1 presents increased fibrosis, miR-21 expression, and atrial fibrillation, most likely through ligand-independent activation of the mineralocorticoid receptor (102) . These and our results suggest that the activated mineralocorticoid receptor upregulates miR-21 expression in a ligand-dependent or -independent manner.
In particular, our studies have shown that miR-21 downregulation exacerbates ALDO/SALT-induced cardiac fibrosis and dysfunction suggesting a protective role of miR-21 in the cardiac pathologic abnormalities induced in primary aldosteronism. Because miR-21 is upregulated by ALDO/SALT treatment in cardiac tissue and appears to play a protective role, it may be possible to speculate that this increase is a physiologic compensatory mechanism to attenuate ALDO/SALT-mediated cardiac injury and dysfunction. Furthermore, because miR-21 downregulation exacerbates the ALDO/SALT-mediated cardiac deleterious phenotype, it is possible to speculate that increasing miR-21 levels would be beneficial under such pathologic conditions. Although pharmacologic approaches to supplement miRNAs have lagged behind similar approaches to inhibit miRNA action, recent reports show that these therapeutics may be heading to the clinic in the near future. MRX34 (Mirna Therapeutics) is a chemically modified double-stranded RNA encapsulated in a liposomal formulation that mimics microRNA-34 to supplement decreased levels of that particular miRNA in patients with a variety of advanced solid tumors. Recent reports from a multicenter openlabeled dose-finding phase 1 clinical trial (ClinicalTrials. gov identifier: NCT01829971) suggest that MRX34 presents a manageable safety profile, dose-dependent repression of miR-34 target oncogenes, and, even more importantly, partial response in patients with hepatocellular carcinoma, renal cell carcinoma, or acral melanoma (105) . These promising results suggest that miRNA supplementation therapies have stepped up from transgenic or viral delivery approaches and are already in the field of pharmaceuticals (106, 107) .
Despite the advantages of systemic miRNA modulation therapies, one limitation of our study is that miR-21 antagomirs may downregulate miR-21 in other tissues besides the heart. This limitation may be overcome by the use of cell type-specific or tissue-specific miRNA modulation therapies that downregulate or supplement miRNAs in particular cell types by pharmacologic or genetic means.
In summary, we report a comprehensive and unbiased screening of LV miRNAs regulated by ALDO/SALT in vivo. Furthermore, we report that miR-21 is the most upregulated of such modulated miRNAs, using a wellestablished animal experimental model that mimics the deleterious consequences of excess ALDO as observed in patients with primary aldosteronism. Moreover, miR-21 downregulation exacerbates ALDO/SALT-mediated cardiac deleterious phenotype, suggesting that miR-21 plays a protective role on ALDO/SALT-mediated cardiac injury and dysfunction under these experimental conditions. Finally, it may be possible to speculate that miR-21 supplementation would have beneficial effects in reverting or mitigating cardiac injury and dysfunction in patients with primary aldosteronism.
